Introduction
Periodic limb movements of sleep (PLMS), brief muscle activations occurring at regular intervals, currently require laboratory polysomnography (PSG) for quantification. 1 and attentional problems. 26, 27 Most importantly, PLMS has been associated with higher risk of cardiovascular and/or cerebrovascular events. 7, 28, 29 Despite this growing list of associations, aggressive investigation for PLMS is not commonly undertaken (compared, eg, to sleep apnea), perhaps in part since causality remains uncertain particularly regarding whether PLMS treatment can mitigate these risks.
The range of reported PLMS prevalence is highly variable, from 4% to 47% in adults depending on the population and definitions used, 3 and PLMS are commonly comorbid with obstructive sleep apnea (OSA), 20 insomnia, 3 and advanced age. 30 Given the potential connection between PLMS and cardiovascular and cerebrovascular morbidity, the question arises as to how to best identify patients with PLMS, the majority of which do not have RLS symptoms. Such information could improve screening decisions and transform PLMS from mainly an incidental PSG finding to an actively sought aspect of clinical sleep evaluations. Clinical suspicion of PLMS in non-RLS patients centers mainly around bed-partner report of the limb movements, the reliability of which is uncertain. We approached this problem by empirical data analysis from our center and by theoretical decision modeling to place the empirical findings into broader clinical context. Specifically, we tested the hypothesis that PLMS indices can be predicted by a combination of demographic and self-reported symptoms in a retrospective database study from our sleep laboratory. We subsequently performed cost-effectiveness modeling to compare clinical screening, in-laboratory PSG, and at-home device monitoring, for diagnosis and management of PLMS.
Methods
We performed a retrospective analysis of clinical PSGs performed in our center. The Partners Healthcare Institutional Review Board approved the use of this clinical database without additional informed consent. Prespecified exclusions included age ,18 years, missing presleep clinical questionnaires, or ,3 hours of total PSG sleep time.
We considered two groups in this retrospective analysis based on OSA metrics (n=209 without OSA and n=443 with OSA; the OSA cases were previously reported in an unrelated study of sleep perceptions) 31 . We prespecified that OSA was defined by the apnea-hypopnea index (AHI) as AHI$5, while No-OSA was defined as AHI ,5 and a respiratory disturbance index (RDI) of ,10. The RDI cutoff for No-OSA cases was prespecified to exclude patients with frequent nonhypoxic events in the No-OSA group.
PSGs were scored according to American Academy of Sleep Medicine standard definitions for stages, breathing, and movements. We used the 4% rule for hypopneas and nasal pressure flattening with arousal/recovery for respiratory event-related electroencephalogram (EEG) arousals. The RDI includes apneas, hypopneas, and respiratory eventrelated EEG arousals, per hour of sleep. PLMS were scored according to standard American Academy of Sleep Medicine criteria; scoring conventions include censoring limb movements associated with scored respiratory events. Each patient undergoing PSG in our center completes a self-report inventory of symptoms and clinical history. We prespecified that the presence of RLS symptom means that one or more of the following queries were positive: 1) "When awake, my legs have a funny or uncomfortable sensation", 2) "This problem is worse in the evening", and 3) "When I move around, this sensation gets better". PLMI and limb movement arousal index (LMAI) were nonnormally distributed and thus analyzed by nonparametric methods. Self-reported medications were manually categorized: antihypertensive, psychiatric, sleeping aid, medication used to treat RLS (dopaminergic agents, gabapentin, pregabalin), and stimulant.
We used SAS version 9.3 (SAS Institute, Inc., Cary, NC, USA) for statistical analyses. To determine significant predictors for PLMS, covariates collected during the diagnostic night were all included in logistic regression (LR) analyses for PLMI. Spearman's correlation analyses were performed to determine possible interaction terms to be included in LR analyses for PLMI. For LR analyses, PLMI values were transformed to a categorical variable (PLMI $15 threshold). Diagnostic PSG data were also analyzed under Wilcoxon rank-sum and chi-square (χ 2 ) tests for determining differences in PMLI and LMAI distributions by OSA status.
We performed decision analysis with TreeAge software (TreeAge Pro, 2015; Williamstown, MA, USA). Markov modeling was used to evaluate the cost-effectiveness of different strategies to diagnose PLMS in adults and initiate treatment to prevent a composite outcome of cardiovascular and/or cerebrovascular events. The time horizon was 5 years. The population was assumed to be adults free of RLS (which could independently indicate treatment) and free of OSA (an independent reason and benefit of laboratory PSG testing). Elevated PLMI is linked to increased cardiovascular or cerebrovascular event risk in the model, and this risk is assumed to decrease with pharmacological therapy. Such risk mitigation has not yet been demonstrated in clinical trials, yet is plausible based on cardiac physiology data [32] [33] [34] [35] and that dopaminergic medications decrease PLMS indices. 
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Patients testing positive for PLMS (whether true or false positive) may initiate dopaminergic treatment. Health outcomes were expressed in quality-adjusted life-years gained. We instituted a utility reduction for surviving a cardiovascular or cerebrovascular event of 0.84, 37 but no change in utility was related to PLMS itself (ie, it is assumed to be asymptomatic) or its treatment (ie, medication adverse effects were not modeled but are indirectly captured in the probability of accepting treatment). Costs were considered from a thirdparty payer perspective. Costs included treatment of PLMS (cRx) and clinical visits (cCL), as well as for different PLMS testing methods: home-based PLMS device (cHD), cost for administering a clinical tool for predicting PLMS diagnosis (cCT), and cost of PSG testing (cPSG). The cost of having a cardiovascular or cerebrovascular event (cCV) was assumed to be a one-time cost for the acute event. For simplicity, we did not model costs of chronic cardiovascular or cerebrovascular care, which would further increase the expected cost of untreated PLMS and is thus a conservative assumption. The clinical tool sensitivity and specificity were assumed to be 65% each, in keeping with the small odds ratio values found in the correlation analysis of this work; the cost was assumed to be $10 (USD) for time to administer. Table 1 shows the costs, utilities, and probabilities used in the model. Costs and utilities were collected and compared using a willingness to pay threshold of $50,000 (USD) per quality-adjusted life-year. The base case values are shown in Table 1 . The annual cost for PLMS treatment (cRx) was $485 (USD), and the cost for home device (cHD) usage for diagnosis was estimated at $100 (USD). The sensitivity (sensHD) and specificity (specHD) of HD were defined as 82.4% and 70.8%, respectively, for detecting binary presence/ absence of elevated PLMS (.15/h) based on a recent study, 38 which is within the ranges reported in the literature for leg actigraphy. 39 Sensitivity and specificity of PSG for this binary determination were defined as 90% and 95%, respectively. The cost of PSG was estimated at $800 (USD). Modifying factors for cardiovascular or cerebrovascular risk included increased cardiovascular or cerebrovascular risk given PLMS (a), increased cardiovascular or cerebrovascular risk in those who have had a cardiovascular or cerebrovascular event (g), and decreased cerebrovascular risk in true positives who accept treatment.
Results
We investigated subjective and objective PSG findings in patients undergoing clinical PSG in our laboratory: one group had normal breathing metrics defined by AHI ,5 and RDI ,10 ("No-OSA" group) and one group had AHI $5 on their diagnostic PSG (Dx-OSA) and returned for continuous positive airway pressure titration on a subsequent night (Rx-OSA). Baseline PSG characteristics were similar, aside from the expected OSA-defining metrics ( Table 2) . OSA patients were older and had a higher body mass index (BMI) compared to No-OSA patients, and were more likely to be male, consistent with known OSA risk factors (Table 3) .
No-OSA and OSA groups had similar PLMI and LMAI values during diagnostic PSG (Table 2) . Small but significantly higher values of median PLMI and LMAI were observed during Rx-OSA compared to Dx-OSA nights. However, cumulative density function plots show that the distributions separate more clearly after the 50th percentile range, leading us in subsequent analyses to utilize the clinically relevant cutoff of PLMI $15 as the target predictor for logistic models (later) (Figure 1 ), which is the ∼65th-75th percentile for Dx-OSA and Rx-OSA.
Before performing multiple LR models, we investigated PLMI and LMAI values across clinical and demographic categories for each group of PSGs (No-OSA, Dx-OSA, and Rx-OSA), which showed distinct clinical associations in the OSA versus the No-OSA groups (Table S1 ). Next, (Tables S2-S5 ) were undertaken to inform regression modeling for predictors of elevated PLMI ($15), adjusting for age, sex, BMI, and self-reported medications (Table 4) . Age (P=0.02), male sex (P=0.01), and self-reported RLS (P=0.02) predicted PLMI $15 in No-OSA patients. For the Dx-OSA group, predictors were age (P,0.0001), male sex (P=0.01), and self-reported intake of psychiatric medications (P=0.01). The Epworth Sleepiness score and its interaction with age were also significant (P=0.02), although the latter was quite small (β=-0.004) and is of uncertain clinical importance. The odds ratios are given in Table 3 . The portion of the variance in PLMI status explained by the models for No-OSA and Dx-OSA groups was modest: ∼9% and ∼14%, respectively. Given the challenges of predicting elevated PLMS according to the earlier analysis, we undertook a decision modeling approach to compare strategies for diagnosing and subsequently treating patients with elevated PLMS. As there is much uncertainty with regard to clinical and device-based screening for elevated PLMS, as well as the impact of treatment on associated morbidities, we made several simplifying assumptions that could be addressed in future prospective studies. We assumed a cardiovascular 
Notes:
The schematic shows four strategies to approach occult elevation of PLMI. The first branch strategy is to conduct in-laboratory PSG for everyone (PSG all). Within that approach, those with elevated PlMi will have the chance to receive treatment. The next strategy utilizes a prescreen of a clinical tool, based on clinical history, to risk stratify those who should undergo PSG. Again, those testing positive on PSG will have the chance to receive treatment. The third strategy is to perform home testing using a portable device, and those testing positive in that setting can proceed to treatment (no PSG in this arm). Finally, we included a reference strategy with no testing or treatment for anyone (do-nothing arm). Within each of these arms, a Markov node is placed to allow recurrent annual risk of cardiovascular or cerebrovascular event as well as a low probability of death, to occur. For convenience, these states are shown only for one branch (dotted lines 
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risk associated with untreated PLMS that is mitigated by pharmacological treatment. We compared four strategies to approach the problem of elevated PLMS in a presumed asymptomatic adult population (Figure 2) . The "do-nothing" strategy and obtaining PSG on all patients represent boundary conditions of baseline health burden of PLMS (do-nothing) versus better accuracy of diagnosis as well as higher cost of testing (PSG for all). These were compared with two more realistic strategies: 1) assessing PLMS risk using a clinical tool based on the aforementioned LR model, followed by confirmatory PSG testing in those who screen positive, and 2) actigraphic HD testing for PLMS. Several reports of lower limb actigraphy have been published; 39 we utilized values from the PAM-RL device. 38 We performed sensitivity analysis across three key parameters ( Figure 3) . Prevalence is uncertain and varies across certain populations, so we considered this across a tenfold range from 3.5% to 35%. The sensitivity, specificity, and cost of a HD were also investigated, as device-based PLMS diagnostics are not common clinically and lack extensive study. The resulting plots provide an overview of the main considerations that would drive decision making for the question of medical benefit from testing and treating PLMS. First, the cost of home testing is not predicted 
Notes:
We performed sensitivity analysis on home device accuracy (sensitivity and specificity, on the x and y axes of each plot), across two costs of home device testing per person ($0 and $100) and a range of prevalence of elevated PLMI (rows). Willingness to pay was $50,000 in all cases. Two strategies were never favored in this modeling: clinical tool and PSG for everyone. The red and blue regions indicate parameter space when the preferred choice is the home device arm versus the do-nothing arm, respectively. Abbreviations: PLMI, periodic limb movement index; PSG, polysomnography; cHD, cost for home device; Sens, sensitivity; Spec, specificity; Prev, prevalence.
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to play a major role, as the difference between decision boundaries was small when testing was free versus costing $100 per person. This is perhaps not unexpected, as the cost of home testing is small in general compared to the cost of medical morbidity associated with untreated PLMS and that of pharmacotherapy for PLMS. Second, the pretest probability of PLMS played a major role in the optimal decision pathway, with higher values driving the decision to pursue some form of objective diagnostic testing. Interestingly, because the accuracy of the clinical tool was modest, it is never favored in the decision space. Instead, the two dominant pathways are the do-nothing path and the home-test path. PSG is also not preferred across this range of values, when considered from the sole perspective of identifying PLMS, suggesting that the increased cost does not justify the improved accuracy.
Discussion
Elevated PLMI was not uncommon among adult patients undergoing PSG testing, with ∼26% having PLMI $15/h. Among the 13% of the study population who self-reported leg jerking during sleep, approximately one-third of them (4.5%) showed PLMI $15/h during their diagnostic PSG night, indicating that this self-reported symptom is not strongly predictive of elevated PLMI (ie, low positive predictive value of symptoms). Self-reported RLS symptoms and the Epworth Sleepiness scores, along with age, male sex, and self-reported psychiatric medications, were each associated with PLMI $15, although the odds ratios were fairly small. Nevertheless, the correlations are generally consistent with prior work. 3, 8, 34, [40] [41] [42] [43] [44] [45] [46] Other work identified a female predominance of PLMS, 47 but this was not seen in this study. Previous work has linked antidepressants to PLMS, 40, 45 and we observed an association of psychiatric medications with elevated PLMI, albeit only in those with comorbid OSA.
The limited predictive power of simple symptom inventories suggests that PLMS may go undetected in practice, except for incidental findings on PSG obtained for other reasons (usually OSA). Various studies have reported that symptoms of sleepiness and PLMS are not well correlated, [48] [49] [50] [51] [52] except when RLS is present. 3 Given that current clinical practice requires PSG to quantify PLMS, 53 yet PSG utilization is increasingly restricted, understanding the extent to which clinical information alone will predict elevated PLMI on PSG remains an important goal. This work supports prior literature in the suggestion that, in the absence of RLS, it can be quite challenging to predict the presence of elevated PLMS by clinical history alone.
Clinical implications of PlMS
The clinical importance of PLMS is suggested by associations with a variety of medical and psychiatric comorbidities discussed earlier. Genetics and epidemiology studies suggest that the objective sleep disturbance and the genetic correlates with RLS are linked to the underlying PLMS. 54 It is possible that the cardiovascular risk associated with RLS is mediated by objective sleep disturbance from PLMS via changes in heart rate, sympathetic activity, cortisol secretion, and cardiac vagal modulation. 35, 44, 55 Increased heart rate is associated with PLMS more frequently than EEG arousals, 35 even when LMAs cannot be detected. 55, 56 Another possible link with daytime hypertension could be through interference with normal nocturnal blood pressure dipping: 42, 57 The absence of dipping contributes to a greater cardiovascular risk [58] [59] [60] and hypertension 61, 62 and cerebrovascular disease. 63 PLMS are also associated with elevated plasma C-reactive protein and fibrinogen, markers of cardiovascular risk, in patients with OSA. 64 Dopaminergic therapy decreases the number of PLMS and normalizes the increased PLMS-related heart rate variability response in patients with RLS. 33 Whether such pharmacological therapy for PLMS improves cardiovascular outcomes is unknown. Future prospective trials are needed, ideally with objective monitoring to track clinical response.
Objective measurement of PlMS
In the absence of accurate clinical predictors, PLMS may remain underdiagnosed in the adult population. As home testing kits for diagnosing OSA increasingly replace inlaboratory PSG, even incidental findings of PLMS may decrease, exacerbating underdiagnosis of PLMS because no type 3 or type 4 kits measure PLMS. 65 Likewise, as home autotitrations replace in-laboratory titrations, the relationship of PLMS to OSA and its therapy may not be realized. The current data and prior literature suggest that PAP treatment is associated with increased PLMS, 66, 67 although this may be related to conventions that restrict scoring PLMS occurring near breathing events. In our cohort, there was no relation of PLMI with OSA severity category during diagnostic PSG assessments: for AHI ,5, AHI 5-15, and AHI .15, the median and IQR of PLMI in each group was 4.1 (0.7-14.5), 5.0 (0.9-15.5), and 3.6 (0. 6-19.8) 
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clinical utility of quantifying limb movements in sleep associated with respiratory events, 68 an area that deserves further investigation.
The potential for at-home testing of leg movements could refine diagnostic phenotyping through multiple-night recordings and provide an objective marker for treatment response over time. In addition, home PLMS monitoring could provide an alternative to formal PSG for objective screening purposes. Leg actigraphy has been used in several studies to quantify PLMS, with a range of sensitivity and specificity generally in the 60%-90% range. 39 Specifically, ankle-placed devices such as the PAM-RL have better sensitivity and thus better "rule-out" value, compared to devices placed on the dorsum of the foot (eg, Actiwatch), which has higher specificity and thus better "rule-in" value. Given observed night-to-night variability in PLMS, 38, 69, 70 the capacity to record multiple nights will further inform diagnostic phenotyping by improving upon the single-night snapshot of laboratory PSG. Obtaining improved phenotype information via home tracking is important for clinical care and for outcomes-based research studies in this area by improving power of clinical trials and for individualized management plans in clinical practice. We speculate that at-home monitoring for PLMS will gain momentum because of the combination of poor clinical predictors of PLMS, potential morbidity risk of untreated PLMS, and the necessity to utilize alternatives to PSG for objective testing.
Decision modeling
We undertook a cost-effectiveness model to compare different diagnostic approaches for detecting (and treating) occult PLMS based on the assumption that elevated PLMI has health consequences and that these consequences are reduced with dopaminergic medication treatment. Although HD screening for occult PLMS is not currently considered standard of care, the model provides a framework for identifying key issues that can inform prospective s tudies in this regard. Across a 5-year time horizon during which cardiovascular events can occur, the HD strategy was cost-effective under plausible estimates of device accuracy, device cost, and PLMS prevalence. Importantly, the expected low cost per person of HD for PLMS did not impact the preferred strategy as much as prevalence of elevated PLMI. Even when the cost of home testing is free, we observe a relatively stronger impact of prevalence than on sensitivity and specificity of a HD. This finding suggests that accurate pretest probability estimation, whether by symptoms or by medical history, will be useful in future studies of the impact of therapy in populations with elevated PLMI. Including quality-of-life benefits of treating PLMS, which were omitted here because we assumed the PLMS to be occult, would be predicted to further favor testing from a cost-effectiveness perspective.
limitations
Our study has several important limitations that could be addressed in future studies. We used data obtained from single nights of PSG, while it is likely that night variability occurs in PLMS. This could have reduced our power to find correlations with clinical or demographic factors, due to singlenight sampling for assigning PLMS status. A related issue to clinical prediction is that symptoms and medicines were self-reported via simple questionnaire, rather than obtained in structured interview settings or with additional validation steps. Medication lists also do not capture reasons for therapy or compliance with therapy, which might also contribute to heterogeneity. Additionally, our clinical questionnaire only asks about a subset of medical and psychiatric disorders, and the responses are self-reported. Future work based on validation by electronic records can validate these items and explore more deeply the potential relationships. Our clinical laboratory is part of a tertiary referral center, and thus, the results may not generalize. Finally, with respect to the modeling, several simplifying assumptions were implemented and require further experimental investigation, most importantly, the risk reduction conferred by dopaminergic agents. 
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